+ IgD + B cell population, known as IgM memory, reduces with age. It is thought that this population is responsible for pneumococcal polysaccharide T-independent responses, and that the age-related reduction might be partially responsible for the increased susceptibility of older people to bacterial pathogens. There are other IgM 
Introduction
The origin and function of the CD19 + CD27 + IgD + B cell population known as IgM memory is still a subject of some controversy. The term IgM memory was originally given to these cells, as they have mutations in their immunoglobulin (Ig) genes and express CD27. 1, 2 In humans, it is thought that they are the recirculating equivalent of the marginal zone cells of the spleen, where IgM cells containing mutations are also found. [3] [4] [5] Some believe they are the B cells that respond to T-independent stimuli, [4] [5] [6] 11 while others argue that they are precursors to switched memory cells in a T-dependent response. 7 More recently, it has been proposed that this population contains the human equivalent of mouse B1 cells. 8 In our lab, we have shown that the Ig gene repertoire of IgM memory cells differs markedly from that of switched memory cells, 9 and therefore we would argue that the majority of the population would respond to different stimuli than the switched cells in order for this difference to appear. However, there is no denying the evidence that some IgM and IgG cells can originate from the same B cell precursor, presumably in the same reaction, 7 nor that persistent IgM memory cells can be formed in a T-dependent response, at least in mice. 10 Both the putative human B1 cell population and the IgM memory population have been shown by some groups to decrease with age. 11, 12 Since IgM memory is thought to provide protection against encapsulated bacteria, it could be argued that it is this decrease that causes the increased risk of morbidity and mortality due to pneumonococcal pneumonia in older people. 11 Indeed, for many years the poor functionality of older serum against pneumococci (as measured by the opsonophagocytic assay) was puzzling in face of the fact that these patients had the same levels of IgG as younger doi: 10.1111/nyas.12823 vaccine recipients. However, Park and Nahm showed that removing IgM from the serum can decrease serum functionality. 13 In the same year, we showed that the antipneumococcal IgG titer was the same in older people, but that IgM and IgA were deficient. 14 In light of the heterogeneity and proposed function of these IgD + CD27 + cells, the name "IgM memory" is perhaps confusing. There are also other IgM-expressing cells that are not naive but have lost IgD and may or may not express CD27. The differences between switched memory cells that differ in expression of CD27 have been discussed elsewhere, 15 and it is important to note that the CD27 -memory population increases with age 16 and with autoimmunity and chronic viral challenge. [16] [17] [18] During B cell development there are formative events that increase the representation of certain types of Ig genes, by expansion in response to challenge, and events that decrease the use of some Ig genes, by deletion as a result of autoreactivity. Ig gene repertoire analysis can be used to infer whether the formative events for a particular B cell population are different from those of another population. Ig heavy chain genes are formed by random recombination of variable (IGHV), diversity (IGHD) and joining (IGHJ) genes, with additional diversity gained by the imprecise joining of the segments at the V-D and D-J junctions, whereby nucleotides are inserted or deleted into these junctions by terminal deoxynucleotidyl transferase. The junctional region is known as the heavy chain complementarity determining region 3 (CDR-H3) and can be used as a fingerprint to identify copies of a particular Ig gene rearrangement from the same lineage. The B cell repertoire can be described in terms of the frequency of use of the different types of genes.
In this paper, we sorted cells into different subsets based on CD27, IgD, and CD10 staining and used IgM constant region-specific primers to produce a large number of IGH sequences from individuals aged from 21 to 87 years old. We describe the different populations of antigen-experienced IgM cells in relation to their Ig gene repertoire and demonstrate the changes with age at a point 28 days after vaccination with influenza and pneumococcal polysaccharide vaccines. Additionally, we used a large panel of markers, using mass cytometry, and we show the heterogeneity of IgM memory cells with respect to different levels of IgM expression and identify two distinct populations whose frequencies are altered in aging.
Methods

B cell isolation and cell sorting
Peripheral blood mononuclear cells (PBMCs) were isolated from a total of 14 young (21-45 years) and 16 old (62-87 years) healthy volunteers. Written consent was obtained in accordance with the Declaration of Helsinki after approval from the Guy's Hospital research ethics committee (REC 08/H0804/57 and 09/H0504/39). PBMCs were isolated using Ficoll plaque Plus (GE Healthcare) and Leucosep tubes (Grenier Bio-One Ltd).
For high-throughput sequencing analysis, CD19
+ B cells were positively selected for using the MACS B cell Isolation Kit (Miltenyi Biotec), stained with CD10-APC, CD27-FITC (Miltenyi Biotec) and IgD-PE (BD Bioscience PharMingen) at 4°C (15 min) and analyzed on a FACSAria (BD Biosciences PharMingen). Five subsets were separately collected (Fig. 1 Downstream data clean-up and processing were carried out as previously published. 9 The data were first subjected to a stringent set of rules to remove sequences with two different MIDs or internal MID sequences and to remove sequences that were biologically implausible (i.e., containing multiple V or J genes, a C-terminus at both ends, or an internal subclass motif and a 3 subclass primer). Finally, short sequences were removed from the data where the C to IGHV regions are smaller than the following: C␣ < 289 nucleotides, C < 333 nucleotides and C␥ < 409 nucleotides. Approximately 50% of sequences pass this quality control step.
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After the initial quality control, sequences underwent Ig genotyping as follows. Ig gene usage and the CDR-H3 junction regions were determined using V-QUEST. 19 ProtParam was used to determine the physicochemical properties of the CDR-H3 peptide between the conserved first (cysteine) and last amino acid (tryptophan). 20 Clonotype clustering was carried out on CDR-H3 using a clustering matrix such that sequences with the same IGHV gene and within 10 nucleotides in length of the test sequence were used to make a distance matrix, which was then used for hierarchical clustering. Related sequence pairs were determined as having a distance of 0.25. 9 Once the clusters of related sequences were established, the modal sequence was determined to be used as a representative of this group and was assigned as a unique sequence. Only the unique sequences were used within this analysis to remove any skewing that could have arisen from PCR amplification. Annotated and cleaned data were combined and subsequent analyses performed in Excel (Microsoft). Owing to the difficulties of accurately studying any differences caused by mutation, and the focus on the IgM sequences, we have made no analysis of somatic hypermutation.
Results
Age-related changes in B cell populations
Reports on the frequency of IgM memory cells show either no change 16 or a decrease 11 with age. The frequency of CD27 -memory cells has been shown to increase with age. 16 (Fig. 1A) ). It is worth noting Figure 2(A) . Subsequently, the Ig genes were amplified using IgM-specific constantregion primers, to identify IgM + sequences. After quality control to ensure only full-length VH to C sequences were represented, a total of 71,681 IgM sequences were obtained from six young and eight old individuals (Table 1) . After heavy chain complementarity determining region 3 (CDR-H3) clustering to identify related sequences, we identified 31,928 unique VDJ gene rearrangements (Table 1) . From this point onward, only unique VDJ rearrangements were used in the analysis.
Our previous work showed that the IGHV family usage of IgM memory cells differs from that of both naive cells and switched memory cells (IgD -IgA + /IgG + ) ( Fig. 2A) . We used the sorting strategy in Figure 2 (A) and we analyzed the IGHV gene use in our samples and found that, unlike the switched cells, IGHV1 usage is significantly reduced in IgM-only CD27 + and IgM-only CD27 -populations compared to naive cells (Fig. 2B , P = 0.0092 and 0.0431, respectively). IGHV3 is significantly higher in all IgM populations than in young naive cells (P < 0.0001 for all comparisons). This is at the expense of IGHV1 and IGHV4 (P < 0.0001, < 0.0001, and 0.0034 for IGHV4 IgM-only CD27 + , IgM-only CD27 -, and IgM memory). However, with increasing age, the naive and IgM memory repertoires change slightly, such that there is no longer a significant difference between the two in their IGHV3 use ( Fig. 2B , P = 0.1929) and there is significantly lower IGHV3 in IgM memory cells in the old (Fig. 2B, 54 .5% in the young, 41.4% in the old, P = 0.0085). The IgM-only cells retain their distinctive IGHV1, 3, and 4 family use with age. An analysis of individual IGHV genes showed very few significant differences with age. In naive cells, there was an increase in the usage of IGHV1-69 and IGHV5-51, in IgM-only CD27 + cells, there was an increase in IGHV3-23 and a small reduction in IGHV6-1, and in IgM-only CD27
-cells an increase in IGHV3-30 (Fig. 2C) . Therefore, it appears that age-related changes affect selection at the family level but not at the individual IGHV gene level.
CDR-H3 characteristics within different IgM
+
B cells
We have previously shown that there are general characteristics of the CDR-H3 region, such as the overall size and hydrophobicity that predominate in memory B cell populations compared to naive cells. 9, 15 The size of the CDR-H3 region is affected by IGHJ use, and, since IGHJ6 is larger than the other IGHJ genes, it is quite often associated with a larger CDR-H3 region. In common with previous findings, we see an increase of IGHJ4 in CD27 + cells compared to naive cells (Fig. 3A , P < 0.0001 and P = 0.0012 for IgM-only CD27
+ and IgM memory cells, respectively). This is often at the expense of IGHJ6 (P = 0.0123 IgM-only CD27 + ). CD27 IgM-only cells have a greater skew toward increased IGHJ4 and decreased IGHJ6 than do IgM memory cells (Fig. 3A) . The increase in IGHJ4 in IgM memory cells from the young is not observed in the old, thus showing a further age-related change, in addition to IGHV usage, in the repertoire of IgM memory cells (young 43.8-51.3%, P = 0.0026; old 42.4-46.8%, P = 0.1717). There was a small but statistically significant increase of IGHJ5 use in both older IgM memory and CD27 -IgM-only populations (Fig. 3B) . Generally, the picture of IGHJ usage shows that the IgM memory population has more in common with the IgM-only CD27 -population than with the IgM-only CD27 + population. In contrast to this observation, the size of CDR-H3 decreases in both the IgM memory and the 
IgM-only CD27
+ populations compared to naive cells, but there is no decreased CDR-H3 size in the IgM-only CD27 -population (Fig. 3C) . The size of the CDR-H3 region is also affected by the IGHD use, and in theory a number of different IGHD-IGHJ combinations can produce the same size of CDR-H3 (Fig. 3D) . Nevertheless, the other qualities of the CDR-H3 region are important, as evidenced by the fact that different IGHD-IGHJ combinations that form fragments of the same size are used to different extents in the repertoire. For example, within fragment size 30, the combinations IGHD5-IGHJ4 and IGHD6-IGHJ4 are used more frequently than IGHD1-IGHJ2 or IGHD4-IGHJ2, despite them all forming the same size fragments. Additionally, a general qualitative positive selection is shown, whereby particular combinations can be increased or decreased in memory cells compared to the naive population (Fig. 3D) . Of particular interest, there is a significantly increased use of the IGHD1-IGHJ4 combination in memory cells, which is much less evident in the older samples than in the young (Fig. 3E) .
Heterogeneity of IgM-expressing memory cells
The above data would indicate that the three types of IgM + memory cell are distinct from each other. We also highlight some age-related differences. One of the issues in looking at repertoire characteristics is that if one looks at a mixed population of cells the observations are averaged values over any different populations in the mix. Since the origin of IgM memory cells has been questioned, it is quite possible that there are different subpopulations of IgM memory cells. We have shown that IgM memory cells vary in their CD24 and CD38 expression. 21 If distinct subpopulations change differentially with age, that could also explain some age-related changes in repertoire. In addition to the finding of a B1-like population in IgM memory cells, 12 a recent paper has shown that IL-10-producing regulatory B cells are also present. 22 Although we call the IgD + CD27 + B cells IgM memory cells, it was suspected that further heterogeneity within IgM memory cells existed. Using a panel of 30 different metal-tagged antibodies and undertaking mass cytometry, we saw that the levels of IgM expression are quite varied. In particular, we found two subpopulations of cells that were distinguishable by variation in IgD and IgM level, and these changed with age. An IgM lo IgD hi population decreased from 39% to 29% with age, while an IgM hi IgD lo population increased with age from 18% to 27% (Fig. 4A ). These two populations were distinguishable by other markers, such as CD23, CD24, CD38, CXCR4, ␤7, and CD40 (Fig. 4B) . The IgM hi IgD lo population has more surface markers in common with both IgM-only and switched memory cells than with IgM lo IgD hi B cells (Fig. 4C) .
Discussion
We have shown that all antigen-experienced IgM + cells differ in repertoire from naive cells, but there are also subtle differences between the different types of IgM + cells. IgM-only cells appear to increase with age ( Fig. 1) , which may be a reflection of the decreased capacity for class switching that has been previously reported. 23 The aging and autoimmune diseases would be in agreement with this hypothesis. This work has also highlighted the fact that, although subtle repertoire differences in memory cells can be seen with age, they may be a reflection of differences that are present in naive cells in the first instance. Although we do show a change in selection of IGHD1-IGHJ4 in the memory repertoire ( Fig. 3E) , it is also clear that naive cells may be different in the older population (Fig. 2B) . It may also be the case that the populations we have studied are heterogeneous, and that changes in the relative proportions of any composite subpopulations could result in overall repertoire changes. We have illustrated IgM memory heterogeneity and an agerelated change in subpopulation frequency.
IgM memory cells are of particular interest owing to their importance in protection against T-independent antigens, such as pneumococcal antigens, and the susceptibility of older people to pneumococcal disease. We have shown evidence to support the hypothesis that they are a mixed population, and that the repertoire changes we see here may well be muted as a result of averaging across different populations. Further work to separate out the IgM hi subpopulation for repertoire analysis would be required to determine whether this population more closely matched the IgM-only cells, but the phenotypic analysis presented here indicate that they might. Since IgM-only cells are T dependent (being absent in CD40-deficient hyper-IgM syndrome), 4 we could hypothesize that the other major subpopulation of IgM memory cells, with low expression of IgM and high expression of IgD, might be the population thought to be responsible for polysaccharide T-independent responses. Thus, not only has the population of IgM memory cells as a whole decreased, but also within this population there are further key changes that could significantly affect the older immune system with respect to T-independent responses. B reg cells have been reported to be enriched within the IgM memory population. 22 However, we do not know where they would fall in our two subpopulations. Total IL-10 + B reg cells have been shown to have a high expression of IgM; 22 therefore, we could hypothesize that they may be found within the IgM hi population.
